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ABSTRACT.—Acidprecipitation,causedby the long-range
transportof pollutants,is a problemdistinct from typical airpoi-
lution injuries. It hasbeenimplicatedin severalill-defined
growthdeclinesin Europeanand North Americanforests. The
acid precipitationcontroversyis that we lack overwhelmingsci-
entific evidencethat precipitationhasbeenmademoreacidic
than “norma]” or that forests,lakesand streamshavebeen
harmed. Potentialeffectson forestsinclude directdamageto
leafsurfacesand reproductiveorgans,or indirectdamageto
otherorganismsor soil. Evidenceof sucheffectsfrom Eur-
opeanforestsmaynot beapplicableto North Americabecause
of different species,paststandmanagement,andheavierpollut-
ant loadingsin Europeanforests. Examinationof the “best”evi-
dencein North Americafor declinedue to acidic deposition—
redsprucein high-elevationstands---- doesnot providecompel-
ling evidencethat a significanteffectis occurring.

INTRODUCTION

Air pollution damagetoforestscloseto point sourcessuch
assmeltersandpowerplantscomesprimarily from sulfur
oxidesandozone,which causedirectdamageto plant tissue.
Acid rain, however,is causedby the long-rangetransportof air
pollutants,especiallysulfur and nitrogenoxides. These
compoundsacidify rain andother formsof precipitation,arid are
thought to damageforests,lakesandrivers, andsoilsbecauseof
their low p11 and theacidifyingnatureof their constituents.
This is distinct from whattypically is calledair pollution
damage.

Thetechnicallycorrectterm is acidic deposition,because
the acidicmaterialconiesdown notonly in rain butalsoin
snowfall, mists,andevenusdry materialdepositedon leaf
surfaces. Acidic depositionhasbeenimplicated in a seriesof
ill-defined growthdeclinesof forest treesin Europeand North
Amcrica. Theseeffectswere reportedin Scandinaviabeginning
in the I960s,and in the U.S. and Canadain the 1970s.

Thepurlmsesof this paperareto introducethe acidic
depos~t~0~1phenomenon:describesomeof the potential effects
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it may haveon forestecosystems,andthepresumedlinkage
betweenacidic depositionand forestdeclines;and to examine
thesuspectedacidic depositiondamagetored sprucein the
northeasternU.S.

SOURCES

Acidic depositionis causedby elevatedlevelsof acidic
precursorsin theatmosphereresultingfrom humanactivities.
While oxidesof sulfur and nitrogenhavereceivedthe most
attention,volatileorganiccompoundsalsohavebeen
implicated. Theseprecursorsare transformedin the atmosphere
to the mineralacidssulfuric acid andnitric acid. Also involved
in the acidificationprocessareozone,hydrogenperoxide,and
organicfreeradicals. Theselattercompoundsareair pollutants
in their own right, and it is necessaryto separateout their
harmful effectson forestsfrom the p1] effectof acidic
deposition.

Dataare lackingon amountsof acidicdepositionsincethe
turn of the century,hut we do know how much of the precursors
havebeenemit ted into theatmosphere.Emissionsof sulfates,
nitrates,andvolatile organiccarbonshaveincreasedthis
century,as a resultof industrializationand theautomobile
(NAPAP 1987). Sulfateemissionsincreasedfrom ninemillion
metric tonsin 1900 toover 21 million metrictons in the late
1920s. EmissionsdroppcdduringtheDepression,but increased
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afterWorld War II. During the 1960s,useof coal togenerate
powerdecreasedin the faceof cheapoil, and sodid sulfate
emissions.Theyroseagainin the 1970s, but lately have
decreasedbecauseof efforts tocontrolair pollution andin
responseto economicforcesthat causedmassiverestructuring
of theU.S. industrial base (Gschwandtneretal. 1985).

Thesourcesof sulfuremissionsaremostlystationary
energy-generatingplantsrun by electricutilities or by industry.
The sulfateemittedcomesmostly from burningcoal
(MacDonald1985).

Emisstonsot nitrousoxtueanamanmaoevoiatileorganic
compoundshaverisen steadilysince 1900,but havepeakedin
recentyears.Thiscomesdespitean increasein thenumberof
carsin the last decadeor so(Gschwandtneret al. 1985; NAPAP
1987).

Thesourcesof nitrogenoxideemissionsaremorediffuse,
both in termsof typesof generatorandtheir geographicspread.
Themain sourcesareelectricutilities and highwayvehicles—

that is, carsandtrucks. Thereis someuncertaintywhetherhigh
stackemitterslike utilities aremoreimportantthanground-level
emitterslike cars.

On a regionalbasis,themost acidicrain in the U.S. falls on
the AlleghenyPlateauregionof westernPennsylvaniaandNew
York; easternOhio; andnorthernWestVirginia. Average
rainfall p11 in theentireNortheastis acidic. Significant
differencesfromthis regionalaveragepicturecanoccurathigh
elevationswherefog and cloudsaresignificant. Mountain
cloudsalongtheAppalachians,forexample,areon averagep11
3.6, comparedto 4.2 for rain. An acidcloudmeasuredin 1986
on WhitefaceMountain,New York, had ap1-1 of 2.5. Thereare
alsoseasonaldifferencesin acidic deposition,dueto higher
sulfatevaluesin summerthanwinter in theNortheast.
Oppositeseasonaltrendsoccurin Europe(NAPAP 1987).

Someof thecontroversyaboutacidicdepositionis which
precursorsourceis the mostimportant,which hasa bearingon
what kind of controlstrategyisrationalandefficient. One
uncertaintycenterson what happensin the atmosphere.Some
atmosphericscientistscontendthat sulfur oxidesarea sink for
oxidantslike ozone,whichcontributeto atmosphericwarming,
or thegreenhouseeffect, sothatreducingsulfuremissionsmay
increaseglobal warming(MacDonald1985). Another
uncertaintyconcernswhereyou look for the impact: in the
forestor the lakes,or elsewhere.Sulfatedepositionto lakes
maybetheprimaryconcern;however,hydrogenperoxideand
ozoneare themorelikely pollutantsof concernin forests,
althoughwe reallycannotbecertain in eithercase(NAPAP
1987).

POTENTIALEFFECTS

“i-low doesacidicdepositionaffecttheenvironment?”is a

questionmanyresearchershaveaskedover the last several

decades.Concernhasbeenfor theeffecton vegetationand
waterbodiesdirectly,on soil and subsequentindirecteffecton
vegetation,rivers, andlakes. Otherspeakersin the workshop
will examinetheeffectson soil andaquaticsystems.I will limit
myremarksto theeffectson forestvegetation.

Somepotential effectsthat havebeenstudiedin the lab
include the following(Morrison 1984):

‘Direct damageto leafsurfacesfrom thecontactof the
acidicmaterial.

‘Direct damagetoreproductiveorgans,resultingin fewer,
weakerseedlings.

•Direct effectof leachingof nutrientsfrom treecrowns,
resultingin lowergrowthor abnormalgrowth.

Indirect,or non-contact,effectsresultfrom harmtoother
partsof the forests;oneexamplewouldbemicrobesin thesoil
thatare iniportantbecausetheydecomposeorganicmatterand
releasenutrientsthat the treesuse.

Anotherindirect effectis theacidificationof soil and
subsequentleachingof nutrients,or the increasein amountsof
alLiminum andothertraceelementsthat arechangedinto
compoundsin soil that are harmfulto treesor microbes.

EVIDENCEOFDAMAGE

The “best” evidencethat acidicdepositionharmsforests
comesfrom Germany. Therearewidespreaddeclinesof several
species,with somecommonsymptomsaroundthe country.
Declinesareespeciallyseverein high-elevationforests. The
Germanscall this “Waldsterben,”or “forest death.” Therehas
beena recent,simultaneous,declinein Norwayspruce,
Europeanbeech,and silver fir (SchuttandCowling 1985).
Thereis a consensusamongEuropeanresearchersthat a
triggering,orcommonstress,factor is at work, andmany
researchersacceptedacidicdepositionas thetrigger.

Thecommonsymptomsof Waldsterbenin Germanyinclude
growth-decreasingeffectsof increasingseverityuntil the tree
dies;as well as abnormalgrowth,suchasstork’snest in white
fir and longshootdevelopmentin beech.The impressionwas
given, especiallyin the popularpress,that Germanforestswere
dying, with morethan 50 percentof the forestareain decline.
Actually, the lowestdamagecategory,the largestin size, was
what forestersin othercountrieswouldregardasnormal
conditions(Binns 1985).

Thecommonsymptomson conifersinclude increasing
transparencyof the crownfrom moderatelydamagedto the
advancedstagesof thedisease.Thelossof theneedlestypicall
is olderneedles,startingfrom the insideof thebranches
outward,from mid-crownupward. Similareffectscanbe seen
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in Norway spruce,white fir, andScotspine (Schuitand
Cowling 1985).

Syniptonisarefoundon the fine rootsof coniferousand
deciduousspeciesas well. Rootsof decliningwhite fir and
Norwaysprucewill be knotted,lacking mycorrhizae(Schuitand
Cowling 1985). Thiskind of damageis similar to whatcanbe
producedin controlledexperimentswith highaluminumlevels
(Stantorf1984).

Until 1982 in WestGermany,all damagewas confinedto

hi~gher-elevation forests(l3inns 1985;NAPAP 1987 . Lately. __

forestershavenoticedsymptomson treesin valleys. Damage
has beenequallysevereto treesin remote,clean-airareasand
the heavilypollutedareasof Bavaria,sowe canrule outdirect
sulfur dioxidedamageas thecause,and and the precipitationp1-I
is too high for directrainfall damage.

Soil acidificationwas first thoughtto bethemechanism,
then regardedasnot likely sincedeclinewasreportedon acidic
5t)i15 aswell as soilsdevelopedon limestonewith highamounts
of basicmaterial. Recentfindings,however,implicate nutrient
deficienciesasa commonsoil factor,which mayberelatedto
soil acidificationandleachingof nutrientcations. Thishasbeen
termedby some“aluminum-induteedcalciumdeficiency.”
lle~ivy metal mobilization is notgeneralenoughto accountfor
all foreststandswith damage(NAPAP 1987).

Ozonehasmost recentlybeenimplicated,but therearen’t
enoughdatato be sure. Certainly,ozonelevels are high, and
sonicdeclinesymptomsare similar towhat canbe produced
wider experimentalconditions(Ashmoreet al. 1985).

Therearesomeotherinterestingmechanismsproposed,
suchasorganicgrowthfactorsor hydrogenperoxidecausing
fuliar damage;andammoniaincreasinggrowth into the fall after
hardeningoff shouldoccur,with resultantfrostdamage. The
consensusis that thedeclineis a combinationof all these
factors,andotherstressesnot relatedto air pollution (NAPAP
l9~7).

‘11W NORTII AMERICAN SITUATION

Wecanask whetherthe experiencefrom Europeis relevant
to oursituation in North America. Speciesaredifferent,and
manyEuropeanforestsareplantationsratherthan natural
forests. Pollutantloadingsarehigher in Europethan here,and
the seasonalpatternsof depositionaredifferent. Whatappearto
be the samearesomeof thedeclinesymptoms,and the
Occurrencein high-elevationforestssuchas in redsprucestands
abovecloud basein theAppalachians.

Forestdeclinesin the northernhemispherehavebeen
ittttii~~()~j5 (NAPAP 1987). Therearedeclinesthat are
dominatedhy natitral biological or physicalfactors,suchasthe

declinesof ash,beech,birch, andthemaplesin theU.S. and
Canada. ‘I~ltere arepollution-relateddeclines,which must be
Separatedinto thosethat havebeensubstantiatedasdue to

pollution, andthosewhich arepotentiallyrelated. One
substantiateddeclineis to l~onderosapinein the mountains
surroundingtheLos Angelesbasinin California. Potentially
relatedto acidic depositionis thedeclineof red spruceat high
elevationsalongtheAppalachians(Zedakeret al. 1987).

The significanceof standsat high elevationsarethatthey
areabovethecloudbase,wherethelowest ph occursin fog and
clouds. In the North,“high elevation” isdefinedasabove3,282
feet. This incitides standsin theAdirondacks,the Green
Mountains,andthe White Mountains. In the South,“high
e tev~tinn” i~ d,d~net !I~ :1 hr~,,t ~ ~ f~PtRdpruc~
occursat higherelevationin West Virginia, Virginia. North
Carolina,andTennessee(NAPAP 1987).

Let us first be clearwhatwe meanby a growthdecline. A
generalizedgrowthcttrvecould beconstructedfor a singletree
ora wholestandwhereirtitial rapid growthof seedlingsinto
maturetreesresultsin an increasein biomass. A point of
maximumgrowth is reachedwith theculminationof current
annualincrement. The next declining segmentof thecurve is
the predictabledecreasein growth asaresultof naturalaging.
A situationwherethedeclineis less than“normal” could be
due to thinningand fertilization ormaybejust betterweather.
Anothercurvecouldshowan acceleratedgrowthdecline,such
asthat whichwould result from naturalor human-causedstress.
So relatinggrowthdeclinesto acidicdepositionis a two-step
process: first you must distinguishan observeddeclinefrom
expectedreductionsdue to ageandstanddynamics;thenyou
haveto relatethedeclineto a causalfactoror factors.

The declineof red sprucein theU.S. hasbeencalledan
aci(hie depositioneffect. Studiesof high elevationstandsseem
to ulocumenta decline,especiallyin oldertrees,btit thereis no
consensuson thecause.Drought stress,naturalstanddynamics
of oldertreesdyingout, pestsand diseases,and lead
accumulationhaveall beenstatedascauses(NAPAP 1987).
Symptomsalsodiffer betweennorthernandsouthernstands.In
theSouth,foliar damagesymptomsare,similar to the European
declinesymptoms: olderneedlesare affectedfirst, needleloss
is from the insideoutward,from mid-crown upward. In New
EnelandandNew York, red sprucedies backfrom thetop
down. New needlesat branchtips diefirst (NAPAP 1987).

Therehasbeentip to 70 percentdecreasein red spruce
hiomasson C~tmel’s Ilump in Vermont,with lesserdeclinesin
biom:ussof white birch andbalsamfir (Vogelniannet al. 1985).
Declinein red spruceon WhitefaceMountain in New York has
beenseverealso,but is soniewbatlessimpressivewhenonly
undisturbedstandsareincluded(Scott et al. 1984). In the
southernAppalachianstands,mortality hasbeenless severebut
still high andgrowth declinesareapparentin ring width series,
evenin index serieswherering widths arestandardizedto
removeageandsiteeffects(Adamset al. 1985).

Growth declineshavebeendemonstratedaswell for low-
elevationsprucestandsin new England. Somehavedrawnthe
ohviottscomparisonto the central Europeandeclinechronology,
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wheredamagefirst appearedat high elevationand severalyears
laterh~td spreadto lower-elevationforests.

In NewEngland,thedeclinesin low-elevationsprucestands
appearto resultfrom naturalprocesses.Jim Hombeckand
otherscoredover 3,000red spruceand 1,300balsamfir from
standsacrossNew EnglandandNewYork. Radial growth was
convertedtobasalareagrowthandplottedovertime. Each
point representedan averageof over300 trees. Againstthis was
plotteddatatakenin 1920from comparablesecondgrowth,

.....,~A ~ i~ ,~.,, ,..,,,,nl,ste the workof Meyer.
_____~!~:t,’~M ~~L~IRIU~ *I~ ~ j~n’~~o —

liorobeckand his co-workersfound apparentagreement
betweenthe two growthcurvesandconcludedthat thedecrease
in basalareagrowth that startedin the 1960sis a naturalresult
of standstructure(Hornbecket al. 1986).

Wemaynot beableto apply this explanationto the high-
elevationforests,astheyare of differentage,density,and
historyof disturbance.Thereis evidence,however,that atleast
in WestVirginia, the high-elevationredsprucestandsof today
remainafterwidespreaddeclinein the late 1800s. An old West
Virginia experimentstationreport,publishedcirca 1892, tellsof
salvageloggingin RandolphCounty,on CheatMountainat an
elevationof 3,425feet. The generalopinion at the timewasthe
widespreaddeclineresultedfrom aseveredrought in 1882and
1883. Onelandowner,a Col. Hutton,observedthat treesbegan
dying betweenabout 1880and 1882,andcontinuedtodie for
five orsix years. Over300,000acreswereaffected,with death
most frequentlyof the largesttrees(Annon. 1892).

CONCLUSIONS

Acidic depositionis real; whilewedon’t havedata,strong
inferenceof past trendsandknowledgeof currenttrendssupport
the conclusionthatprecipitationhasbeenacidified,and
significant dry depositionof acidicmaterialexist,especially
overeasternNorth America.

Sourcesof theacidic materialareknown,but theirrelative
importanceis uncertain.Also, our limited understandingof
atmosphericchemistrysuggestsan interactionbetweenacidic
depositsandglobal warming. Sowe aremorethana little
uncertainas to thebestcontrolstrategies.

Seriousdeclinesof forestspeciesin EuropeandNorth
Americahaveoccurred,areoccurring,andcertainlywill occur.
It is notalwayseasytoseparate“normal” declinesdueto age,
standdevelopment,andclimate from accelerateddeclinesfrom
biological stresseslike diseaseand insectsor physicalstresslike
air pollution. They maybe inseparablein anyrigoroussense,as
endemicregionalair pollution stressmay predisposeaffected
foreststo biological stresses.At anyrate,anapproachto
relatinggrowthdeclinestoany pollution stressrequiresfirst that
an observedd~cline beshown to be greaterthan normalgrowth
reductionsas a treeor standmatures,and secondthat a causal
linkagebe establishedbetweengrowthreductionsand stress
factors. Simply noting that growth isreduced,or that old trees

die, in anareareceivinghigh levelsof acidicdepositiondoes
notestablisha linkage. As the statisticiansadmonish,
correlationdoesnotprovecausation.

Theacidic depositioncontroversyshowsto methat we lack
anunderstandingof whatconstitutesa healthyforestecosystem
adequateto judgewhenourforestsareadverselyaffectedby
lessthancatastrophicstress.Perhapsgoodbaselinedatafrom
very long-termexperimentswouldhavehelped,butwe lack
those,too. Whatwe canconcludetodayis that we lack
compellingevidencefor widespreadacidicdepositiondamage
tO IUL~L VI

4~LgIi~jhi.
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